All relevant data are included within the paper.

Introduction {#sec006}
============

Richardson *et al*. (2011) estimate that over 180 million Americans carry a total of more than one billion restored teeth (based on 2001--2004 population statistics) **\[[@pone.0126339.ref001]\].** Mercury toxicity varies between different types of mercury and its organic forms are much more toxic than inorganic forms **\[[@pone.0126339.ref002],[@pone.0126339.ref003]\]**. Although dental amalgam fillings seem to be safe, they are nevertheless a significant chronic contributor to mercury body burden **\[[@pone.0126339.ref004],[@pone.0126339.ref005],[@pone.0126339.ref006]\]**. Heavy metals and oligoelements can be detected in human urine, plasma or hair samples by inductively coupled plasma-mass spectrometry (ICP-MS) **\[[@pone.0126339.ref007]\].** However, many epidemiological studies have failed to establish clear association between amalgam fillings presence and health problem **\[[@pone.0126339.ref002]\]**. The induction of oxidative stress by Hg is caused in part by the interaction between Hg and antioxidant enzymes **\[[@pone.0126339.ref008]\].** One way that cells remove ROS is by producing proteins such as glutathione and metallothionein that bind to ROS and form more hydrophilic compounds that are easily excreted through Glutathione S-transferases **\[[@pone.0126339.ref009]\]**. Copper and zinc-containing superoxide dismutase, (Cu/Zn- cytoplasmic enzyme (SOD-1) metabolizes superoxide radicals to molecular oxygen and hydrogen peroxide, providing defense against oxygen toxicity **\[[@pone.0126339.ref009],[@pone.0126339.ref010],[@pone.0126339.ref011]\]**. For this reason, there is a need to establish whether the Hg from dental amalgam fillings can increase heavy metal release and affect glutathione or SOD-1 activity as compensatory mechanism in patients (women).

Objectives {#sec007}
==========

The present study set out to quantify a plethora of heavy metals levels (μg/g: Al, Hg, Ba, Ag, Sb, As, Be, Bi, Cd, Pb, Pt, Tl, Th, U, Ni, Sn, Ti) in the hair of woman who had dental amalgam fillings for at least 10 years (average 15 years), comparing the data obtained with women control subjects without amalgams.

Data were analyzed to find out if the presence of these heavy metal levels was dependent of the total number of dental fillings. For this purpose, subjects (women) were divided into two groups: those with four or fewer dental amalgam fillings (\<4; n = 27) and those with more than four in their mouth (\>4; n = 15); pooled:dental Amalgam filling group, n = 42 (Amalgam).

Reduced glutathione levels and SOD-activity were also analyzed as possible compensatory mechanisms in the body of these woman. Lastly, data were analyzed to discover whether glutathione/SOD-1 activity (plasma) and Zn correlated with levels of heavy metals in subjects' hair.

Materials and Methods {#sec008}
=====================

The present study has been approved by the Institutional Review Board from Murcia University (UM; Spain) and following the Declaration of Helsinki. All Subjects in the present study have been properly instructed and they consent to participate by signing the appropriate informed consent paperwork. In addition, all efforts have been made to protect patient privacy and anonymity. CIROM Center has been approved and certificated by AENOR Spain (Spain; CIROM CERTIFICATE for dentist services (CD-2014-001 number; ER-0569/2014 following UNE-EN ISO 9001: 2008 as well as UNE 179001--2001 Directive from Spain). This study was developed following STROBE guidelines. The women subjects included in this experimental study fulfilled the following criteria:

Inclusion criteria Women who had four or less dental amalgam fillings (\<4) in their mouth (n = 27); women subjects with more than four dental fillings (\>4) (n = 15). All had dental amalgam fillings for at least ten years (average 15 years). Control subjects (women) without dental amalgam fillings were also included in the study (n = 13). All the women were matched in a similar age range (average age: 44 years; total number of amalgam fillings: Amalgam, n = 42). Other criteria were the absence of psychiatric disease, no previous history of DMSA use, subjects untreated (women) with prescription chelators, or any current treatment for iron deficiency (anemia). The women had no history of liver or kidney disease.

Exclusion criteria {#sec009}
------------------

Physically handicapped women with metabolic diseases or progressive neurological disorders (4th Edition, DSM IV) were excluded, as were those taking regular medication such as stimulants, anticonvulsants, and atypical antipsychotic drugs.

Sample analysis {#sec010}
---------------

The total sample was made up of 42 women, 42 who had dental amalgam fillings for at least ten years (average 15 years) and 13 control subjects (women); all were age-matched (mean age = 44 years). The dental amalgam filling group was divided into two groups: subjects (women) with a total number of amalgams greater than four (\>4) (n = 15) and subjects with four or fewer dental amalgam fillings (\<4) (n = 27). As no significant relation was found between heavy metal presence and the total number of amalgams in their mouth, the two groups were pooled into a single group (Amalgam group; pooled, n = 42). Mercury (Hg) is an essential constituent of dental amalgam fillings (around 50% in weight), together with Ag (41% in weight of the alloy powder), Sn (31%) and Cu (28%), and Zn on some occasions. Hair samples close to the scalp were taken from all subjects (0.25 g from the occipital area) and tested to determine these heavy metal levels by inductively coupled plasma-mass spectrometry (ICP-MS) (Doctor's Data, USA); Doctor's Data is a pioneer laboratory in toxicological analysis of heavy metals with over 35 years experience and provides testing to healthcare practitioners. ICP-MS values for heavy metals were reported in μg/g of hair. These patients (women) had a medium/higher sociocultural status.

SOD-1 activity {#sec011}
--------------

SOD-1 activity was measured by means of a modified protocol as published Tiwari V, Chopra K (2013; **\[[@pone.0126339.ref012]\]**. The assay system consisted of 0.1 mM EDTA, 50 mM sodium carbonate and 96 mM of nitro blue tetrazolium (NBT). In the plate, 470 μl of above mixture was added to 30 μl of plasma and the auto-oxidation of hydroxylamine was observed by adding 0.05 ml of hydroxylamine hydrochloride (pH 6.0). Finally, SOD-1 activity was measured by the change in optical density at 560 nm for 2 min at 30/60 s intervals and normalized as Optical Density (D.O) by protein.

Glutathione determination {#sec012}
-------------------------

The concentration of reduced glutathione was determined following the procedure described by Hissin and Hilf (1976) **\[[@pone.0126339.ref013]\]**. Sodium phosphate (0.1 M) plus EDTA (5 mM) (pH 8.0) and H~3~PO~4~ (25%) were added to the samples. The plasma was centrifuged for 30 min. at 13.000 r.p.m and supernatants were removed. Reduced glutathione levels were determined as follows: 200 μl of 40 mM N-ethylmaleimide and 100 μl of ortho-phthalaldialdehyde were added and fluorescence was measured at 350 m excitation and 420 nm emission, after 15 min of incubation at room temperature (RT).

Statistical analysis {#sec013}
--------------------

Data were analyzed using SPSS software (V17.0) and G Power. Mean and standard deviation were estimated for age and heavy metal levels in study group subjects' hair and in control subjects (women). The Bonferroni and t Student test (2 tails) were applied to determine possible significant differences between women who had dental amalgam fillings (patients with four or less than four fillings and women with more than four fillings in their mouths) vs controls. Non parametric tests were applied when there was no homogeneity of variance (Mann Withney/Kruskal Wallis). Differences were considered statistically significant when p\<0.05 and considered highly significant when p\<0.01.

Results {#sec014}
=======

**There were** changes in heavy metal levels in hair from women with amalgam fillings for more than ten years**:** Hg, Al, Ag and Ba were higher in the hair of these subjects than in controls ([Fig 1](#pone.0126339.g001){ref-type="fig"}). Interestingly, data analysis identified a strong correlation between Hg and Al levels by in hair (r = 0,5; p\<0.05; n = 42; r Pearson; data not shown)

![Changes in heavy metal levels in hair (μg/g of hair) from women with dental amalgam fillings for more than ten10 years (n = 42) as compared to controls (n = 13).\
\[A\] mercury (Hg), \[B\] aluminium (Al), \[C\] silver (Ag) and \[D\] barium (Ba). Amalgam (Pooled; n = 42); (\<4; n = 27), (\>4; n = 15), (control; n = 13). \* p\<0.05 vs control.](pone.0126339.g001){#pone.0126339.g001}

Hg levels {#sec015}
---------

Hg was found to increase significantly in women with dental amalgams compared with control subjects without dental amalgams (p\<0.05). However, both groups (\<4 and \>4) are not statistically different between them but they are significantly higher than controls ([Fig 1A](#pone.0126339.g001){ref-type="fig"}).

Aluminum levels {#sec016}
---------------

Women with fillings (Amalgam group) showed higher Al levels than controls (p\<0.029). Women with more than four (\>4) fillings had increased Al levels as compared with control subjects (p\<0.05) as did women with four or less (\<4) (p\<0.05). ([Fig 1B](#pone.0126339.g001){ref-type="fig"})

Silver levels {#sec017}
-------------

Women with dental amalgam fillings showed higher silver levels than controls (p\<0.05) ([Fig 1C](#pone.0126339.g001){ref-type="fig"})

Barium levels {#sec018}
-------------

Women with less than four dental amalgam fillings (\<4) and the total amalgam filling group showed higher Ba levels than the control subjects (p\<0.05; [Fig 1D](#pone.0126339.g001){ref-type="fig"}).

The other heavy metals analyzed (Sn, Ni, Ti, Pb, Cd) were unaffected by the presence of dental amalgams in all cases (p\>0.05; n,s). There were no differences for Sb, Be, Bi, Tl, Ti, U or either (data not shown) ([Table 1](#pone.0126339.t001){ref-type="table"})

10.1371/journal.pone.0126339.t001

###### The analysis of the dental filling number and levels of other heavy metal levels in hair did not shown significant differences between both amalgam groups (total number of amalgams; Pooled; n = 42); \>4 (n = 15) or \<4 (n = 27), as compared to controls (n = 13).

![](pone.0126339.t001){#pone.0126339.t001g}

  (p\>0.05) ns    Control         \<4              \>4             Amalgam
  --------------- --------------- ---------------- --------------- ---------------
  ***Sn***        0.098 ± 0.025   0.69 ± 0.38      0.87 ± 0.57     0.75 ± 0.31
  [**Ni**]{.ul}   0.012 ± 0.025   0.0543 ± 0.038   0.51 ± 0.18     0.2 ± 0.067
  ***Ti***        0.446 ± 0.047   0.49 ± 0.071     0.394 ± 0.036   0.45 ± 0.047
  ***Pb***        0.93 ± 0.26     1.08 ± 0.2       0.48 ± 0.17     0.89 ± 0.14
  ***Cd***        0.013 ± 0.003   0.017 ± 0.005    0.19 ± 0.012    0.67 ± 0.0032

There were no differences for Sn, Ni, Bi, Ti. Pb, Cd or either (data not shown: Sb, Be, Bi, Tl, Th, U; μg/g).p\>0.05: n.s (**Sb, Be, Bi, TI, Th, U**); (p\>0.05; n.s; data not shown

There were changes in SOD-1 activity, glutathione (reduced form) and Zn levels in women with long-term dental amalgam fillings: correlation between Hg/Al levels and antioxidant markers (SOD-1/Glutathione) ([Fig 2](#pone.0126339.g002){ref-type="fig"})

### Increased SOD-1 activity and glutathione {#sec019}

SOD-1 activity ([Fig 2A](#pone.0126339.g002){ref-type="fig"}) and glutathione (reduced form) ([Fig 2B](#pone.0126339.g002){ref-type="fig"}) increased in women with dental amalgam fillings compared with control subjects (p\<0.05). Interestingly, there was a strong correlation between SOD-1 activity and the presence of Hg (r = 0.6; p\<0.05), while Al levels were correlated with glutathione (r = 0.48, p\<0.05; data not shown).

![Changes on \[A\] superoxide dismutase activity SOD-1, \[B\] reduced glutathione and \[C\] Zn levels in women with dental amalgam fillings (n = 42) as compare to controls (n = 13).\
\* p\<0.05 vs control.](pone.0126339.g002){#pone.0126339.g002}

### Zn {#sec020}

Zn was found to be significantly higher in women with dental amalgam fillings compared to control subjects without fillings (p\<0.05; [Fig 2C](#pone.0126339.g002){ref-type="fig"}).

Discussion {#sec021}
==========

Changes in levels of heavy metals in women with long-term dental amalgam fillings {#sec022}
---------------------------------------------------------------------------------

Dental amalgams are the main source of the total mercury body burden in humans. This study found that mercury (Hg), silver (Ag), aluminum (Al) and barium (Ba) levels increased in the hair of women who had dental amalgam fillings more than ten years (average 15 years) in comparison with women control subjects without amalgam fillings (p\<0.05). The values obtained agree with other studies that have reported 2--12 times higher Hg values in the body tissues of patients with dental amalgam fillings **\[[@pone.0126339.ref014],[@pone.0126339.ref015]\]**. Ba levels were also seen to increase in women with dental fillings; this feature reflects the findings of another study in which increased Barium (Ba) levels exceeding the local permissible limits were found among dentists **\[[@pone.0126339.ref016]\]**. In the present study, Hg and Al levels were correlated between subject with fillings (r = 0.65; p\<0.05), although Hg, Ag, Al, or Ba levels did not differ significantly between women with or more than four dental fillings in their mouths. These findings suggest that Hg could migrate from the oral cavity **\[[@pone.0126339.ref017]\]**. Moreover, other authors have also reported release of mercury from dental amalgam fillings **\[[@pone.0126339.ref018]\]** in agreement with the higher Hg levels observed in our study **\[[@pone.0126339.ref018]\]**. A recent study has analyzed levels of heavy metals (Hg, Sn) in dental pulp and blood samples from subjects with long-term amalgam restorations **\[[@pone.0126339.ref005]\]**. The study found heavy metal levels in blood and pulp blood samples in consonance with the higher Hg levels found in our study in hair. Moreover, other authors have also reported the release of mercury from dental amalgam fillings **\[[@pone.0126339.ref005],[@pone.0126339.ref018]\]** in agreement with the higher Hg levels (hair) observed in our study. A clinical trial (England Children's Amalgam Trial) of 534 children with fillings for more than five years reported higher mercury levels in agreement with the present study in women, **\[[@pone.0126339.ref006]\]**. In the study by Saghiri *et al*. (2014), the long-term presence of dental amalgam fillings (five years) did not induce remarkable changes in mercury levels within dental pulp tissue **\[[@pone.0126339.ref005]\]**. However, mercury levels increased in blood circulation five years after the placement of the restoration, which agrees with the highest Hg levels found (hair) in women with amalgam fillings in our study. Any discrepancies in Hg levels between different tissues (pulp, urine and hair) can be explained by the different periods the fillings considered in both studies, five years in the Saghiri *et al* (2014) study compared with at least ten years in the present study **\[[@pone.0126339.ref005]\]**. We applied an inclusion criterion of a minimum ten-year presence of dental amalgam fillings in the mouth because chronic exposure to various forms of mercury generated by the amalgam filling is characterized by a very long-lasting latency period of five to seven years before symptoms occur **\[[@pone.0126339.ref003]\].** In addition, women were divided according to the number of fillings: four or less or more than four dental amalgam fillings in their mouths \[**[@pone.0126339.ref019],[@pone.0126339.ref020]\].** Although factors such as the number of years in the mouth, filling size and surface area contribute to the chronic mercury body burden \[**[@pone.0126339.ref017], [@pone.0126339.ref021]\]**, heavy metals levels were not different between women with four dental amalgam filling as compared to patients with more than four.

Increased glutathione and SOD-1 activity as biomarkers of oxidative stress in women with dental amalgam fillings for more than ten years {#sec023}
----------------------------------------------------------------------------------------------------------------------------------------

Mercury levels in whole blood and urine are believed to be a reliable marker of recent exposure to inorganic and elemental mercury (Hg~0~). Piggato *et al*. 2013 reported that monitoring blood and urine is a useful means of identifying individuals with acute exposure to mercury but that the method might underestimate mercury retention and toxicity in tissues and organs \[**[@pone.0126339.ref022],[@pone.0126339.ref021]\]**. For this reason, the present study measured Hg levels in hair, since mercury in blood and urine do not fully reflect the actual mercury burden in the human body \[**[@pone.0126339.ref021],[@pone.0126339.ref014],[@pone.0126339.ref015]\]**. Hg can affect antioxidant enzyme \[[@pone.0126339.ref023] **\]**, like SOD-1 and catalase **\[[@pone.0126339.ref024]\]**. In fact, Hg produces reactive oxygen species (ROS), especially hydrogen peroxide (H~2~0~2~) and superoxide anion radicals (O2•), which are removed by SOD enzymes (Cu/Zn; SOD-1 and Mn; SOD-2) \[**[@pone.0126339.ref008],[@pone.0126339.ref023]\]**. As methylmercury (MeHg) affects SOD-1 \[**[@pone.0126339.ref023]\]**, the present study set out to determine whether SOD-1 might be increased among women with amalgam fillings (with a mean age of 44 years). These subjects showed higher increases in glutathione levels than controls, suggesting that Hg can affect oxidative stress by interfering with antioxidant enzyme activities in women \[**[@pone.0126339.ref008],[@pone.0126339.ref023],[@pone.0126339.ref024]\]**. In our study, a positive correlation between Hg levels and oxidative stress-related SOD-1 activity was also observed (r = 0.6; p\<0.05; n = 42), while Al was correlated with levels of glutathione (reduced form) (r = 0.48, p\<0.05; n = 42), a finding that agrees with another study in which increased glutathione transferase (GPX3 and GSTM3) expression was observed in the blood of female double-crested Cormorants \[**[@pone.0126339.ref025]\]**. Since increased antioxidant activities have been seen to correlate to high mercury accumulations in the liver and kidneys \[**[@pone.0126339.ref024]\]**, it seems possible that higher glutathione (reduced form) and increased SOD-1 activity might reflect compensatory mechanism to the chronic presence of mercury in women. The increased SOD-1 activity observed agrees with human studies of fish-eating Amazonian communities, which identified an association between fish consumption and other oxidative stress biomarkers (catalase, GSH in blood) **\[[@pone.0126339.ref026]\]**, similarly to the SOD-1 and glutathione levels found in our study. This evidence suggests that glutathione and SOD-1 overactivation are crucial endogenous responses to prevent possible Hg toxicity in people with dental amalgams. Interestingly, Ala16Val MnSOD polymorphism (SOD-2) has been reported in cells exposed to methylmercury *in vitro* \[**[@pone.0126339.ref027]\].** In addition, *Plecotus auritus* (Golden-eared Bat) had altered expression of other antioxidant systems (GSTM3 mRNA levels) associated to high Hg levels (blood) **\[[@pone.0126339.ref025]\].** These increased endogenous antioxidant responses shown by glutathione and SOD-1 upregulation in women are in consonance with studies reporting that SOD-1 acted against methylmercury or cadmium toxicity ¨in vitro¨ \[**[@pone.0126339.ref028],[@pone.0126339.ref029]\].** *Larus crassirostris* (Black-tailed Gull) had high metal concentrations (Mn and Al) in association with changes of antioxidant systems (blood) **\[[@pone.0126339.ref030],[@pone.0126339.ref031]\].**

Al accumulation can induce CNS alteration and lead to dementia although there were no apparent physical alterations in woman with higher Al levels (hair) in the present study **\[[@pone.0126339.ref032]\]**. Interestingly, lower SOD-1 activity has been detected in elderly pre-diabetic patients compared with healthy control subjects **\[[@pone.0126339.ref033]\].** Thus, the enhanced SOD-1 activity could help maintain a healthy oxidative balance, which would otherwise have been disrupted by mercury **\[[@pone.0126339.ref024]\]** and other heavy metals released by the dental fillings \[**[@pone.0126339.ref016]\]**. In addition, (Zn) also rose in people with dental amalgams and SOD-1 is a Cu/Zn dependent enzyme **\[[@pone.0126339.ref034]\].** This could be the reason for which we fail to detect any physical alteration in women with long-term dental amalgam fillings \[**[@pone.0126339.ref031]\].** Thus, SOD-1 could be a potential biomarker in subjects with dental amalgam fillings. In a retrospective clinical study of medical records (41 patients), Piggato *et al*. (2013) measured mercury levels in samples of blood (n = 19), urine (n = 19), saliva (n = 20), and scalp hair (n = 17) to investigate the association between mercury levels and cases of multiple chemical sensitivity (MCS) \[**[@pone.0126339.ref022]\]**, MCS (also termed idiopathic environmental intolerance-IEI-) is a chronic condition characterized by an exaggerated body response to toxicants. The values detected for mercury in scalp hair (women) are close to values detected by Pigatto et al 2013 (hair 2.2 ± 2.5 μg/g vs 2.9 μg/g: Dental amalgam group) in our study; Hg: 7.6±13.6 μg/L (plasma); Hg 1.9±2.5 μg/L (urine); Hg (saliva) = 38.1±52.1 μg/L) \[**[@pone.0126339.ref022]\]**.

Finally, recent re-analyses of clinical trials suggest that susceptibility to mercury toxicity differs among individuals and can be influenced by genetic factors underestimated in some clinical trials \[**[@pone.0126339.ref035],[@pone.0126339.ref036],[@pone.0126339.ref037]\]**. However, some of these revised clinical studies have used insufficient time-frames as well as flawed measures of exposure such as blood or urine levels. In addition, many of them, particularly earlier studies, underestimated the genetic susceptibilities involved in patients \[**[@pone.0126339.ref006],[@pone.0126339.ref015]\]**. As far as these authors are aware, the present study has produced the first clinical evidence for higher SOD-1 activity in plasma among women with long-term dental amalgam fillings, who showed higher mercury levels in their hair than control subjects without fillings \[**[@pone.0126339.ref016], [@pone.0126339.ref038]\]**. However, data must be interpreted with caution given the limited sample size (n = 55); the authors hope to confirm the results in further clinical trials. Nevertheless, SOD-1 may prove to be a clinically useful marker to determinate heavy metal contamination in humans. In fact, even 30 years after ceasing mercury exposure, dental nurses still show significant adverse health effects \[**[@pone.0126339.ref038], [@pone.0126339.ref039]\]**.

Conclusions {#sec024}
===========

Mercury (Hg), Ag, Al and Ba levels were increased in women with dental amalgam for more than years. The observed Al/glutathione and Hg/SOD-1 correlation could be adaptive response against the chronic presence of mercury. The findings suggest that increased SOD-1, and Glutathione levels could be biomarkers for chronic heavy metal toxicity in women with long-term amalgam fillings.
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